ABSTRACT. Pheromones are defined as substances released from an individual (donor) that influence a second individual (recipient) of the same species. However, it is unclear whether mammalian pheromones can affect the donor itself. To address this question, the effect of self-exposure to an alarm pheromone was examined. Exposure to the alarm pheromone resulted in an enhanced anxiety response, which was not different between recipients that perceived their own pheromone and those that perceived another individual's pheromone. The present results suggest that the alarm pheromone influences the emotional system of the recipient as well as induces similar anxiogenic effects on the donor rat that released the alarm pheromone. This is the first evidence demonstrating the effectiveness of mammalian pheromone self-exposure. [14] . These responses evoked by the alarm pheromone are consistent and we presume that the pheromone enhances anxiety responses in recipient animals [5, 6] .
Mammalian pheromones play an important role in social interactions among individuals of the same species and affect a variety of behaviors, including sexual [24] , territorial [2] , and maternal [17] . When produced by one conspecific, the alarm pheromone propagates the presence of danger [20] and may evoke responses in potential receivers in ways that eventually enhance the fitness of the species. We previously reported that a water-soluble [12] and volatile [7] alarm pheromone, of which the chemical structure is yet to be identified, is released from the perianal region of a stressed donor rat [10] in a testosterone-independent manner [11] . This pheromone evokes anxiety-related responses in the recipient rat, including aggravated stress-induced hyperthermia [9] , increased Fos expressions in the amygdala and other limbic regions [13] , increased defensive and riskassessment behaviors in a modified open-field test [15] , and enhanced acoustic startle reflex (ASR) [5] via the vomeronasal system [14] . These responses evoked by the alarm pheromone are consistent and we presume that the pheromone enhances anxiety responses in recipient animals [5, 6] .
The original definition of pheromones is "substances which are secreted to the outside by an individual and received by a second individual of the same species, in which they release a specific reaction [8] ". However, the effects of pheromones on the donor, i.e., the effects of selfexposure to pheromones, remain largely unknown. For reproductive pheromones, effects of self-exposure seem unlikely given the fundamental morphological and functional sexual dimorphisms involved in pheromone signaling. For example, the exocrine gland-secreting peptide 1 (ESP1), which is a newly identified male mouse sex pheromone, has been shown only to influence female reproductive behavior through the vomeronasal system. The mechanism underlying the inhibition of ESP1 action in the male is ascribed to the desensitization of the vomeronasal sensory system to self-secreted ESP1 in male mice [4] . With respect to invertebrate pheromones, many insects have been shown to have sexually dimorphic olfactory receptors and neural circuits in the central nervous system that jointly contribute to the inhibition of distinct reactions to sex pheromone self-exposure [1, 18, 21] . These findings suggest that specific effects of pheromones are targeted towards appropriate recipients (usually individuals of the opposite sex) and are somehow blocked from impacting the donor animal that is producing the pheromones. However, this may not be the case for some categories of pheromones such as those conveying alert information on demand, e.g., alarm pheromones that are released from animals that are under stress or in danger. Based on our previous findings citing the commonality of pheromone signaling systems across male rats [5] [6] [7] [9] [10] [11] [12] [13] [14] [15] , we hypothesized that the alarm pheromone released from a donor rat is effective at evoking anxiety-related responses in the donor itself. This study was conducted to examine this hypothesis using the ASR as an index of anxiety level.
A total of 20 experimentally naive male Wistar rats were purchased at 7 weeks of age (Clea Japan, Tokyo, Japan) and housed in pairs in wire-topped transparent cages (410  250  180 mm) with wood shavings for bedding. Animals were provided with water and food ad libitum and kept on a 12-hr light-dark cycle (lights turned off at 20:00). The vivarium was maintained at a constant temperature (24  1°C) and humidity (40-45%). Six days after purchase, we prepared a sample of water as described in our previous studies [5] [6] [7] . Each rat was anesthetized (50 mg/kg pentobarbital sodium: Somnopentyl; Schering-Plough Animal Health, Harefield, UK), and intradermal needles (27 G) for electrical stimulation were placed in the perianal region. Each rat was then placed in an acrylic box (200  200  100 mm, 2 mm thickness), the ceiling of which was sprayed with purified water (5 ml). The rats were then given 15 electrical stimulations (10 V for 1 s) at 20-s intervals. After being stimulated, the rat was removed and the water droplets on the ceiling that contained the alarm pheromone were collected. Water droplets collected from a control box (in which no animal was present) were prepared as the vehicle control. Each sample of water was stored at -80°C until the experiments were conducted. From two days after the preparation of water samples, each rat was handled in an experimental room (temperature: 22°C, humidity: 50-55%) for 5 min and was habituated to an animal holder to obtain ASR data for 5 min per day for two days, as described in our previous studies [5] [6] [7] . The holder consisted of an acrylic cylinder (200  60 mm, 56-mm diameter, 2-mm thickness), front and rear stoppers (acrylic plates, 100  45 mm, 2-mm thickness), and an acrylic bottom sheet (230  120 mm, 2-mm thickness) to support the cylinder. The subject rat was maintained inside the cylinder using the 2 stoppers, the front of which had a total of 42 perforations (2 mm in diameter). On the day of the experiment (10 days after purchase), each subject was transported to the experimental room and kept in its home cage for at least 60 min. The startle apparatus and software (StartleReflexSystem 2004; O'Hara & Co., Tokyo, Japan), described in detail in our previous study [5] , were used in the experiment. Each subject was then placed inside the animal holder, which was fixed on the platform in the soundproof test chamber (480  350  370 mm) during the experiment. Startle responses were elicited by 105-dB and 100-ms white noise auditory stimuli delivered through a high-frequency speaker on the ceiling of the test chamber, which was located 150 mm above the top of the animal holder. Background noise (65 dB wideband) was produced by a speaker located in the rear of the soundproof chamber ceiling. Animal movements within the holder resulted in displacement of an accelerometer affixed to the bottom of the platform. The voltage output of the accelerometer was digitized and recorded. The startle amplitude was defined as the maximal peak-to-peak voltage that occurred during the first 200 ms after the onset of the startle-eliciting auditory stimulus. The experiment consisted of three consecutive sequences: the baseline trial, sample presentation, and the test trial. In the baseline trial, the subject was first acclimatized for 5 min and exposed to the 30 auditory stimuli at an interstimulus interval of 30 s. Immediately after the baseline trial, we set a sheet of filter paper (folded in two, 50  50 mm; Toyo Roshi Kaisha, Tokyo, Japan), onto which each water sample (750 µl) was dropped, across the perforated front animal stopper at a distance of 10 mm from the rat's nose. Each subject was then exposed to 30 auditory stimuli with interstimulus intervals of 30 s after the 5-min acclimation period for the test trial. The filter paper containing each water sample was left at a distance of 10 mm from the rat during the test trial. All experimental procedures were conducted between 10:00 and 15:00. The ASR experiments were conducted for 3 consecutive days; on the first experimental day, purified water was presented to subject rats to habituate them to the experimental procedure using the startle apparatus, and water containing alarm pheromone or the vehicle control was presented to the rats in a counterbalanced order on the second and third experimental day. We divided the 20 subjects into 2 groups depending on the type of pheromone source: self pheromone (n=10) and non-self pheromone (n=10). This study was approved by the Animal Care and Use Committee of the Faculty of Agriculture, The University of Tokyo.
For the data analysis, we defined individual baseline data as the mean amplitude of the last 20 responses in the baseline trial because we controlled for habituation to the auditory stimuli in each subject and eliminated their first 10 responses. The test data were defined as the mean amplitude of all responses in the test trial. We calculated the difference in amplitude between the test data (T) and the baseline data (B) as T-B for each subject. The calculated differences obtained from the data of the second and third experimental days were statistically compared within each experimental group using a paired t-test. In addition, we statistically compared start and peak latency of ASR after pheromone presentation between experimental groups using Student's t-test. All data are displayed as the mean  standard error. The criterion for statistical significance was P<0.05 for all comparisons.
The presentation of water samples containing the selfreleased pheromone induced a significantly larger amplitude ASR in rats as compared to the vehicle control (t=2.50, P<0.05; Fig. 1A) . Similar results were obtained from subjects exposed to water samples containing the non-self pheromone (t=2.59, P<0.05; Fig. 1B ). No significant difference was observed in start or peak latency of ASR after auditory stimuli between self-and non-self-exposure to the alarm pheromone (start latency: self 15.0  0.33 msec vs. non-self 14.9 ± 0.47 msec, t=0.24, P=0.81; peak latency: self 26.6  0.38 msec vs. non-self 26.5  0.42 msec, t=0.09, P=0.93).
Our present results show that the alarm pheromone released from the donor rat induced a significant enhancement of the ASR in the donor itself, which was similar to what we observed after presentation of the non-self pheromone released from other rats. It is also shown that there was no difference in either start or peak latency of ASR between self-and non-self-exposure to the alarm pheromone. These results suggest the effectiveness of self-exposure to the alarm pheromone in rats.
Our present data suggest that male rats respond to their own alarm pheromone. Conversely, in earlier studies, self pheromone effects were considered null or very weak as compared with non-self pheromone effects between individuals exposed to a female zebrafish pheromone that suppresses reproduction of other females [3] , a male Drosophila pheromone that accelerates pheromone deposition of other males to attract females [26] , and a ciliate pheromone that induces cell matings [23] . For these three cases, the biological mechanisms underlying the inhibition responses to self pheromone exposure have been postulated; e.g., structural differences in the ciliate pheromone ligands and receptors among individuals may be associated with functional differences between self and non-self pheromone signaling, the former of which is known to promote mitogenic proliferation, but not cell matings [19, 25] .
Based upon the effectiveness of the self-released alarm pheromone in male rats as demonstrated in this study, it is suggested that both the ligand structure and perceiving neural system involved in alarm pheromone signaling are simple and common among individuals. In accordance with this hypothesis, the ligand-receptor system for an alarm pheromone of Drosophila has been reported to use CO 2 as the pheromone ligand, and a single population of one type of sensory neuron innervating one glomerulus is exclusively responsive to this pheromone [22] . Although there is no available evidence as to the chemical structure of alarm pheromones in mammals, we have so far determined that the rat alarm pheromone is volatile [7] and that it is perceived via the vomeronasal organ [14] . Given that vomeronasal neurons are ultrasensitive and highly selective pheromone detectors [16] , it is conceivable that a relatively simple substance of low molecular weight is likely to be the main component of the alarm pheromone and corresponding sensory neurons expressing one type of specific pheromone receptor in the vomeronasal organ are involved in the perception of alarm pheromone effects. Further studies are necessary to clarify this issue.
In conclusion, we found that self-exposure to one's own alarm pheromone is as effective as exposure to a non-self pheromone. This phenomenon may have evolved as an adaptation for male rats to be responsive to their own alarm pheromone because it is beneficial to alert both conspecifics around the donor rat as well as the donor itself in a feed-forward signaling mechanism under stressful situations. This may also be the case for other gregarious mammalian species. Fig. 1 . Baseline data (Baseline, white bars), test data (Test, striped bars), and differences in amplitude between the baseline and test data (Difference, black bars) are shown for the acoustic startle reflex. Subject rats were presented with sample water containing the alarm pheromone (Pheromone) or vehicle control (Vehicle) in counterbalanced order between the baseline trial and the test trial during 2 consecutive experimental days. Sample water contained either the self-released (A, n=10) or non-self-released (B, n=10) alarm pheromone. Each bar represents the mean ± standard error; * P<0.05 vs. vehicle control (paired t-test).
